Introduction
Lipids not only provide structure to the cell membrane, but also exhibit bioactive roles, such as interaction with and activation of different pathways (e.g. phosphatidylinositol 4,5-bisphosphate, diacylglycerol, lysophosphatidic acid and several sphingolipids). The sphingolipid family is comprised of multiple members: sphingomyelins and glycosphingolipids, which are major components of biological membranes. Other sphingolipids, such as ceramide, ceramide 1-phosphate, sphingosine and sphingosine 1-phosphate (S1P) are often generated from the large pool of membrane sphingolipids in response to cellular signaling, and they contribute to the determination of cell fate.
Sphingolipid biosynthesis [1, 2] normally occurs by condensation of coenzyme A-activated palmitoyl group transfer and L-serine to form 3-ketosphinganine. More recently, other amino acid-based sphingolipids have been described such as L-alanine or L-glycine, to form 1-deoxy-or 1-deoxy-methyl-derivatives, respectively [3, 4] . 3-Ketosphinganine is reduced to sphinganine, and N-acylated with different fatty acids to generate dihydroceramides. Desaturation of the alkyl chain results in de novo synthesis of ceramide, which is considered to be a central component of sphingolipid metabolism. Complex sphingolipids, such as sphingomyelin and glycosphingolipids are generated from ceramide [5] , which can be cleaved to form sphingosine, or phosphorylated, yielding ceramide 1-phosphate. Sphingosine can also be phosphorylated to form S1P, one of the most studied sphingolipids due to its bioactive roles in cellular biology and physiology (cellular proliferation, inflammation, migration and angiogenesis).
Intracellular and extracellular S1P are under tight control by several enzymes. Specifically, hydrolysis of complex sphingolipids is controlled by sphingomyelinases and glycosidases. Subsequently, ceramidases can hydrolyze ceramide to produce sphingosine, a direct precursor of S1P by the action of sphingosine kinases [6] . S1P is also regulated by enzymes responsible for its degradation (S1P phosphatases and S1P lyase). The biological roles of S1P are mediated either directly by intracellular targets [7] , or by the action of five different transmembrane G protein coupled receptors (S1PR1-5) [8] , which belong to the endothelial differentiation gene (EDG) family of receptors. S1P receptors participate in cellular responses based on the cell type and downstream available effectors. Figure 1 offers a depiction of the sphingolipid metabolic pathway.
In this review, the functional roles of S1P receptors are described, prefaced with a brief history of their discovery. S1PR1 and S1PR3 have been extensively stud-ied and is only discussed briefly here. S1PR4 and S1PR5, which are less well characterized, are discussed more comprehensively. The main focus of this review is on the S1PR2 receptor: specifically its normal physiological functions, and its role in pathophysiology and disease. Issues and apparent controversies surrounding the S1PR2 receptor are also discussed.
S1P transporters
Before delving into S1PR activation, an understanding is needed of how S1P relocates to the cell exterior to activate its receptors in an autocrine or paracrine manner. Unlike sphingosine, S1P cannot freely traverse the lipid bilayer to leave the cell [1] . Its polar nature prevents this; thus, it requires a specific transport mechanism. To date, two mechanisms have been proposed for S1P transport out of the cell. First, several members of the ATP-binding cassette family of transporters have been thought to participate in this translocation [9, 10] . Cystic fibrosis transmembrane receptor has been implicated in S1P transport as well as lysophosphatidic acid and dihydro-S1P in C127/cystic fibrosis transmembrane receptor cells [10] . ABCC1, however, has been described in mast cells, and its inhibition affected the migratory capabilities of mast cells during inflammation [9] . The second mechanism proposed is through the newly identified spinster-2 transporter in vascular endothelial cells. Mice lacking this protein have 60% less circulating S1P, and they have defective lymphocyte egress [11] .
S1P receptors
Before 1995, S1P-mediated actions on cellular processes such as proliferation, cell movement and intracellular calcium levels were thought to be primarily related to its intracellular second messenger effects. Also during that yearand thereafter -evidence accumulated that this sphingolipid acts on G proteincoupled receptors. Goodemote et al. [12] noted that some S1P-specific effects in Swiss 3T3 fibroblasts, such as DNA synthesis and calcium release, were inhibited by pertussis toxin. One year later, Van Koppen and coworkers [13] , reported that this toxin inhibited S1Pmediated increases in intracellular calcium and adenylyl cyclase inhibition. These effects were observed in a myriad of cell types [13] and it was suggested that S1P can act extracellularly at G protein-coupled receptors. S1PR1, previously known as the endothelial differentiation gene (EDG-1), was cloned in the 1990s as an early inducible gene in endothelial cells in response to phorbol myristate acetate. S1PR1 induction gives rise to endothelial differentiation of capillary-like tubular structures [14] . The ligand for S1PR1 remained unidentified for 8 years after the receptor had been cloned, until Lee et al. [15] identified S1P to be a potent (K d = 8.1 nM) and specific ligand for this receptor. The second S1PR was cloned in rat aortic smooth muscle cells in 1993, referred to as S1PR2 (also known as EDG-5) [16] . S1PR3 (EDG-3) was cloned 3 years later by Yamaguchi and colleagues [17] . S1PR4 (EDG-6) was cloned in 1998 from human and murine dendritic cells [18] . Interestingly, S1P was reported to bind each of these receptors with high specificity, and with similar high affinities [K d = 27 nM (S1PR2), 23 nM (S1PR3) and 63 nM (S1PR4)] [19] .
The tissue and cellular distributions differ for each of these receptors, and these differences are summarized in Table 1 . These factors, along with differences in the G proteins to which each of receptor is coupled, account for differences in biological functions associated with the receptors, a topic discussed below.
Signaling pathways associated with S1PRs S1PRs can be coupled to different G proteins depending on the cell type where the receptor is located and the specific receptor involved. Thus, activation of different pathways and subsequent engagement of different biological responses occurs in response to receptor activation. Whereas S1PR1 has been reported only to be linked to GaI, S1PR2 and S1PR3 have been reported to be coupled to different G proteins, depending on the cell type and the stimulus that activates the receptor. Thus, G protein associations for S1PR2 and S1PR3 include GaI, Ga12/13 and GaQ. By contrast, S1PR4 and S1PR5 can only activate GaI and Ga12/13 [20] . Each of these G proteins activates diverse pathways involved in cell proliferation, differentiation, and cell motility and morphology. GaI recruitment can, in turn, activate several pathways, among which is the small GTPase Rac, a well-known regulator of the cellular cytoskeleton and a promoter of cell migration. GaI can also enhance cell survival Mostly in brain, skin and natural killer cells N/A [85, 86] and inhibition of apoptosis by activating the AKT pathway. Cell survival is supported by way of coupling to the GTPase Ras, which subsequently activates the extracellular-signal-regulated kinase (ERK) pathway [7] . GaQ recruitment typically activates phospholipase C, which, in turn, promotes cell survival via several mechanisms through calcium release and activation of PKC and downstream targets, among which is the NF-jB pathway [20] . Ga12/13 recruitment, however, activates a critical GTPase involved in cellular dynamic modulation: Rho GTPase. The main functional consequences of Rho activation are inhibition of migration, compromised endothelial barrier integrity and smooth muscle contraction [21] . Examination of each G protein coupled to S1P receptors, and the different pathways that can be activated by each individual G protein, suggests diverse potential combinations and responses arising from receptor activation. This does not even account for the activation of several receptors within a single cell.
S1P receptors: roles in health and disease
The body of work relating to the roles of the different S1PRs in normal physiology and in disease continues to grow. Important insights were elucidated about the physiological roles of individual S1PRs from S1PR knockout mice that revealed functional redundancy of several receptors with the exception of S1PR1. Knockout of S1PR1 in mice was embryonically lethal, giving rise to major vascular abnormalities. Table 2 summarizes known phenotypic abnormalities, if any, for each of S1PR knockout mouse strains. When these knockout mice, or cells arising from these mice, were subjected to stress, the necessity of these receptors was clear. Various pathophysiological conditions in which these receptors are important are briefly presented below.
S1PR1
Other than being essential for life (noted in S1PR1 knockout mouse embryos), S1PR1 gained scientific interest due to its involvement in multiple physiological functions. This receptor is essential for T-and B-lymphocyte egress from lymphoid tissue [22] , and is differentially regulated during immune response development. S1PR1 upregulation allows T cells to migrate from the thymus to the lymph nodes, where the receptor is downregulated to mediate T-cell retention in secondary lymphoid organs [22] . The inhibition of this receptor using the immunosuppressant drug FTY720 has proven to be beneficial for patients with relapseremitting multiple sclerosis [23] . This compound is a sphingosine analog that binds all S1PRs with the exception of S1PR2 after being phosphorylated by sphingosine kinase 2. FTY720-mediated activation of S1PR1 leads to its ubiquitin-dependent degradation, which causes lymphocyte sequestration and thus immunosuppression [24, 25] . It is currently used in the clinic, and is known as fingolimod [23] . In addition, S1PR1 (along with S1PR3) is not only responsible for proper angiogenesis, but is also needed for lymphangiogenesis through the phospholipase C/calcium pathway [26] . Moreover, S1PR1 is critical for mediating S1P signaling in proinflammatory pathways such as cyclo-oxygenase-2 activation in rheumatoid arthritis synoviocytes [27] , and for intracellular adhesion molecule (ICAM)-1 expression in human endothelial cells [28] . Finally, S1PR1 is reported to be a pro-tumorigenic receptor, promoting cancer cell migration and invasion in addition to tumor neovascularization. For example, in Wilms' tumor, S1P-mediated exacerbations in malignancy occur through S1PR1 activation of phosphatidylinositol 3-kinase and the promigratory Rac pathway [29] . Also, S1PR1 knockdown in vivo dramatically inhibited tumor growth of implanted Lewis lung carcinoma cells by inhibiting new blood vessel formation within the growing tumor mass [30] .
S1PR3
Studies that address the functional capabilities of S1PR3 alone have been historically scarce; only now is research being reported about this receptor. Several published observations suggest that S1PR3-mediated functions occur in coordination with S1PR1 or S1PR2. By itself, S1PR3 was revealed to have several important functions. Its expression in dendritic cells is essential for switching immune reactions to T-helper cell (TH1) responses. This immune conversion was evident when dendritic cells deficient in this receptor were implanted into wild-type mice. The receptor activated the Th2/interleukin-4 response and provided renal protection against ischemic reperfusion injury in the mice [31] . Moreover, S1PR3 is upregulated in astrocytes in multiple sclerosis [32, 33] , which is necessary for maintaining astrocyte activation, although the biological significance of this has yet to be determined: it might be detrimental or beneficial for disease progression [33] . Because of the tight association of the S1PR3 receptor with some aspects of inflammation, S1PR3 has been proposed to be a potential biomarker to measure acute lung injury. S1PR3 is shed into the blood during sepsis, lowering blood vessel resistance and increasing vessel permeability [34] . In cardiovascular disease, S1PR3 seems to be essential for macrophage recruitment to atherosclerotic lesion sites, as well as promoting secretion of tumor necrosis factor and monocyte chemoattractant protein-1. By contrast, S1PR3 exerts an antiproliferative and antimigratory effect on smooth muscle cells after an arterial insult [35] . In addition, S1P-mediated decreases in coronary blood flow are strictly caused by S1PR3 agonism. In fact, S1PR3 engagement leads to coronary smooth muscle contraction via increases in intracellular calcium and Rho activation [36] . The role of S1PR3 in tumorogenesis has also been addressed: S1PR3 signaling was found to be closely associated with epithelial growth factor (EGF) signaling. In lung cancer, S1PR3 increased expression of the EGF receptor in a Rhodependent manner leading to increased proliferation and anchorage-independent growth [37] . In breast cancer, however, S1PR3 transactivates the EGF receptor in response to estrogen stimulation, and thus amplifies its signaling. In both cases, S1PR3 could be a potential target for cancer therapy [38] . S1PR4 S1PR4 is mainly expressed in the hematopoietic system, thus most functions attributed to it are described for that particular system. Physiological roles for the receptor are unclear at this time. However, the few studies in the literature offer the following observations about the receptor. First overexpression of this receptor in Chinese hamster ovary cells induced cell rounding and stress-fiber formation via coupling with Gi and Ga12/13. Overexpression of S1PR4 in Jurkat T cells, by contrast, induced cell motility even in the absence of exogenous S1P [39] . Later studies disproved the role of S1PR4 in affecting T-cell motility in mice. T cells expressing S1PR4, but not S1PR1, failed to migrate not only towards S1P, but also toward several chemotactic stimuli [40] . S1PR4, however, was essential in promoting inhibitory effects of S1P in T cells. S1PR4 inhibited T-cell proliferation, switching the cells to an inhibitory phenotype that secretes interleukin-10, but not interleukin-2, interleukin-4 or interferongamma [40] . A recent study using S1PR4 knockout mice by Schulze et al. suggested that S1PR4 had only a modest effect on T-cell function [41] . Rather, the main defect in the knockout mouse was found within dendritic cell differentiation and cytokine secretion. Specifically, dendritic cells could no longer switch T cells to the Th17 phenotype, thereby switching the immune response to a Th2 response [41] . Finally, S1PR4 inhibition may have a therapeutic value: S1PR4 knockout mice were protected from dextran sulfate-induced colitis [41] . S1PR5 S1PR5 has been studied in a limited fashion, chiefly investigated in the brain and within natural killer cells, where it is highly expressed. Some studies also implicate S1PR5 in tumorigenesis. In the brain, S1PR5 expression is limited to oligodendrocytes and their precursors. The functional consequences of S1PR5 activation in these cells depend on their developmental stage. The S1PR5 receptor mediates process retraction [42] and impedes migration of immature oligodendrocytes [43] through a Rho kinase-dependent pathway, whereas S1PR5 mediates the survival of mature oligodendrocytes through an AKT-dependent pathway [42] . S1PR5 is gaining attention due to the high expression of S1PR5 in natural killer cells and its essential role in natural killer egress into the lymphatic system [44] (see Table 2 ). The Duane mouse, an animal strain with a mutation in the Tbx21 gene encoding the T-bet transcription factor, is similar in phenotype to the S1PR5 knockout mice. The Duane mouse was reported to have dramatically fewer S1PR5 transcripts and proteins, and T-bet was shown to induce S1PR5 expression by binding to its promoter region [45] . Furthermore, S1PR5 is reported to be key for maintaining blood-brain barrier integrity as well as its immunological quiescence [46] . In fact, S1PR5 increases blood-brain barrier tight junctions, decreasing its permeability. S1PR5 also lowers monocyte transendothelial migration into the brain parenchyma, which decreases inflammation [46] . Also, S1PR5 can decrease inflammation by inhibiting NF-jB activation, and subsequent cytokine secretion [46] . Finally, studies to investigate the effect of S1PR5 signaling in tumor development are scarce and conflicting. Autophagy, a mechanism by which some cancers thrive during conditions of scarce nutrient supply, is induced by S1P in prostate cancer cells in an S1PR5-dependent manner [47] . By contrast, S1PR5 inhibits migration and proliferation of esophageal cancer cells, and, in fact, these cancerous cells may downregulate the S1PR5 receptor to escape cellular control (suggested by Hu et al. [48] ). Further studies are needed to elucidate the function of this receptor in malignancy because it may represent a potential target for chemotherapy.
Roles of S1PR2

S1PR2 in mediating different cellular functions and pathologies
Endothelial cell functions. S1PR2 has been implicated in increasing the capillary paracellular permeability. In fact, S1PR2 stimulation causes stress-fiber formation and disrupts adherens junctions between endothelial cells [49] . This effect has been attributed to the ability of S1PR2 to couple to the Rho-Rho-associated protein kinase (ROCK) pathway which will, in turn, activate phosphatase phosphatase and tensin homolog, thereby inhibiting the phosphatidylinositol 3-kinase pathway [49] . tumor necrosis factor-and lipopolysaccharideinduced swelling and edema have been reported to arise from increased dermal microvasculature permeability attributed to increased S1PR2 expression [50] . S1PR2 is also known to modify endothelial function with respect to wound healing: S1PR2 expression increases in senescent endothelial cells, as reported by Lu and colleagues [51] . This increased expression is responsible for malfunctions of endothelial cells associated with aging, such as impaired wound healing due to decreased tube formation and impaired endothelial cell migratory capabilities [51] . These impairments were reversed by the expression of a dominant-negative phosphatase and tensin homolog [52] , which confirms this phosphatase as a downstream target of S1PR2 in endothelial cells. S1PR2 is also upregulated by hypoxic stress in the retina, ultimately leading to defective neovascularization [53] . In fact, a component of this retinopathy is due to inhibition of endothelial nitrous oxide synthase expression and induction of cyclo-oxygenase-2 by S1PR2 [53] . This validates S1PR2 as a regulator of the inflammatory response, a topic that is explored in greater detail later in this review.
Metabolic functions
Evidence is emerging that S1PR2 functions in the liver and pancreas which suggests important metabolic dimensions for this receptor. S1PR2 blockade has been involved in protection against streptozocin-induced diabetes in mice. In fact, S1PR2À/À mice were protected from pancreatic beta cells apoptosis, had higher insulin and lower glucose [54] . It has also been described as the receptor for conjugated bile acids in the liver [55] . Their ligation to this receptor was shown to regulate multiple hepatic metabolic pathways including glucose control, bile acid synthesis and lipid metabolism through the activation of AKT and ERK1/2 pathways. Interestingly, these actions are mediated through S1PR2 activation [55] . Actions of S1PR2 on hepatocytes are not only limited to regulating their metabolic functions, but also extend to the regulation of hepatocyte regeneration after injury [56] . In fact, the liver of S1PR2À/À mice was less fibrotic and had increased regeneration after hepatic injection with the model hepatotoxicant, carbon tetrachloride. Thus, targeting this receptor in patients suffering from the early stages of liver cirrhosis may be a future experimental goal.
Allergy and immunity
The role of S1PR2 in anaphylaxis is unclear. One laboratory has reported that it is essential for mast cell activation and degranulation in response to FceRI cross-linking, and that its activation leads to release of histamine, the chemokine CCL2 and tumor necrosis factor, which aggravates anaphylactic shock [57] . Another group reported that S1PR2 signaling contributed to histamine clearance, and actually shortened the duration of shock [58] . Such discrepancies have uncertain origins, but an agonist or an antagonist for treatment of type 1 allergic reactions may warrant further study. S1PR2 functions are not limited to mast cells, but they extend to macrophages. Whereas S1P has been shown to mediate lymphocyte egress and migration through S1PR1, S1P inhibits macrophage migration to the inflammation site via S1PR2 activation [59] . This response is partly achieved by cAMP production, which activates protein kinase A [59] . In contrast, S1P enhances phagocytosis of Cryptococcus neoformans by macrophages via S1PR2-mediated expression of FC gamma receptors 2 and 3 [60] .
Muscle functions S1PR2 studies in muscle cells are extensive. This receptor has been implicated in muscle cell chemotaxis [61] , proliferation [28, 62, 63] , differentiation [63, 64] and contraction [65, 66] . Early studies of S1PR2 in muscle cells were reported in 2002 [67] . These findings revealed that, along with S1PR3, S1PR2 is responsible for the calcium peak observed in myoblasts after S1P treatment [67] , but no definitive mechanism was proposed to explain this. By contrast, investigators reported that S1P inhibited migration of vascular smooth muscle cells via action on S1PR2 [61] . The mechanism behind this was reported to be coupling of the receptor to Gq and G12/13 for the purpose of activating small GTPase Rho and inhibiting Rac, leading to cell migration arrest [61] . This activity is not limited to smooth muscle cells, but also occurs in other cell types, which are discussed later. Increased smooth muscle proliferation and migration are usually observed in neo-intimal lesions, giving rise to blood vessel blockade and thrombosis. Therefore, S1PR2 activity was thought to be beneficial for preventing the formation and growth of these lesions due to Rhodependent reduced arterial smooth muscle cell proliferation and migration [28, 62] . S1PR2 can also induce the transcription of smooth muscle differentiating genes, such as alpha-actin, by promoting binding of serum response factor to the promoter of these genes [62] . The study of mechanism of RhoA activation by S1PR2 revealed that a RhoA-specific guanine exchange factor, referred to as leukemia-associated Rho guanine exchange factor, activated RhoA, to promote expression of smooth muscle differentiating genes [64] . The role of S1PR2 in skeletal and muscle stem cells (satellite cells) was different from its role in vascular smooth muscles. In fact, S1P-mediated muscle regeneration and proliferation after injury was shown to depend on S1PR2 signaling [63] . Moreover, S1PR2 activated signal transducer and activator of transcription 3, which subsequently repressed cell cycle inhibitors p21 and p27 [63] . Finally, although S1PR2 stimulation caused smooth muscle contraction [65, 66] , the mechanism by which this happens depends on the tissue of origin. For example, in bronchial smooth muscle cells, S1P/S1PR2-mediated bronchoconstriction occurs through the Rho/ROCK pathway [65] , whereas in mesenteric vascular smooth muscles, S1P/S1PR2mediated vasoconstriction occurs via Rho-independent activation of the p38-MAPKinase pathway [66] .
Neuronal functions
Blockade of S1PR2 by a specific inhibitor, JTE013, was revealed to significantly augment the migration of neural progenitor cells toward areas of brain infarction [68] . This was proven in in vitro models of cell migration as well as in in vivo mouse models, in which JTE013 was administered to brain ventricles [68] . Thus, JTE013 may be a therapeutic target for stroke patients. Subsequent studies using S1PR2À/À mice are intriguing; S1PR2 in the brain is chiefly expressed in the hippocampus, and its absence caused extensive gliosis in this area. Thus, the mice were not only susceptible to lethal seizures, but also they suffered from CNS functional impairments such as deficits in spatial working memory and increased anxiety [69] .
Kidney functions
The role of S1PR2 in the kidney is uncertain, as well.
In the context of diabetic nephropathy, S1PR2 is upregulated in mesengial cells compared with normal rats, leading to stimulation of fibronectin synthesis and accumulation in the mesengium, which is a hallmark of this disease [70] . S1PR2 in mesengial cells is tightly coupled to the ERK-MAP kinase pathway which is essential for fibronectin upregulation [70] . By contrast, S1PR2 has been shown to exacerbate ischemia-reperfusion injury in renal proximal tubules [71] . For the first time, studies revealed that S1PR2 inhibition induces sphingosine kinase 1 expression and S1P secretion [71] . Furthermore, the protective effects of this antagonism were thought to be due to increased S1P production and its interaction with S1PR1, rather than arising from S1PR2 alone [71] . These data were the first experiments to use the novel S1PR2 agonist, SID46371153 [71] . S1PR2 in cancer S1PR2 as an anticancer receptor
Most scientific evidence supports an antimigratory effect of S1PR2, and it is also thought to be antitumorigenic, inhibiting cells from undergoing distant metastasis. Early reports regarding S1PR2 and tumor formation emerged in 2003, specifically in a mouse melanoma model [72, 73] . Melanoma B16F10 cells chiefly express S1PR2, and their migration was enhanced by receptor blockade with JTE013. Interestingly, S1PR2 not only inhibited migration via activation of RhoA, but also by simultaneously inhibiting the promigratory G protein Rac in response to S1P [73] . To further explore the role of this G-protein-coupled receptor in metastasis, S1P pretreatment of these melanoma cells dramatically decreased lung metastasis in an S1PR2-dependent manner in tail-vein-injection mouse models [72] . The physiological role of such a system warrants investigation; S1P is abundant in plasma, and its presence does not inhibit melanoma metastasis, as pretreatment with S1P did. The antitumorigenic actions of S1PR2 were further explored in glioblastomas [21] . The antimigratory phenotype of S1PR2 was discerned in glioblastoma cell lines that express this receptor by way of activation of RhoA and its downstream effector, ROCK, without the need for inhibiting Rac signaling [21] . Interestingly, the antitumorigenic capabilities of S1PR2 are not limited to its antimigratory effect, but are also related to its ability to inhibit proliferation and growth as observed in Wilms' tumor [74] . In fact, S1P treatment of WiT49 cells prompted expression of the antiproliferative connective tissue growth factor in an S1PR2-dependent manner. These data represent some of the few studies to prove that S1PR2 can induce gene expression though the ROCK/c-jun axis [74] . Later reports showed that S1PR2 knockout mice develop diffuse large B-cell lymphomas at advanced ages [75] , thereby identifying a novel role for S1PR2 in B-cell germinal-centered hematopoiesis. Interestingly, a quarter of patients with such a malignancy were found to harbor a mutation in S1PR2 [75] . Taken together, this set of data suggests important antitumor functions of S1PR2.
S1PR2 as a pro-cancerous receptor
The first report implicating S1PR2 as a pro-cancerous receptor dates back to 2000 when studies were conducted in hepatoma and Jurkat cells [76] . Cotransfection of S1PR2 and S1PR3 in these cells led to S1P-mediated cellular proliferation and inhibition of apoptosis. These effects were attributed to activation of the ERK/MAPKinase pathway, along with the immediate initiation of c-jun and c-fos transcription in a Rho-dependent manner [76] . Pro-tumorigenic effects of this receptor are not only linked to its ability to affect cell movement, but also its effects on protein stability as observed in chronic myeloid leukemia [77] . In fact, S1PR2 inactivates the phosphatase PP2A, which normally dephosphorylates the constitutively active bcr-abl, and tags it for proteosomal degradation. Reports support the idea that S1PR2 may constitute a novel target in chronic myelogenous leukemia patients who were resistant to imatinib treatment [77] . Finally, S1PR2 was shown to enhance tumorigenesis by downregulating tumor suppressor proteins as reported in bladder cancer [78] . Although detailed mechanistic studies of such down-regulation were not addressed, inhibition of S1PR2 dramatically increased tumor suppressor breast carcinoma metastasis suppressor 1 (brms1), leading to a decrease in prostate cancer growth and lung metastasis [78] . Lastly, our group has very recently identified a novel signaling function that is specific for S1PR2. We showed that S1PR2 is essential for the activation of the ezrin-radixin-moesin family of proteins in response to S1P and EGF. Ezrin-radixin-moesin proteins are adaptor molecules linking the actin cytoskeleton with the plasma membrane, and have been implicated in filopodia and lamellipodia formation, thus cancer invasion. Inhibition of this receptor in HeLa cells caused a dramatic decrease in the EGFinduced invasion in an ezrin-radixin-moesin-dependent manner. The identification of S1PR2 as one of the effector arms in the EGF-induced malignancies could constitute an important target for therapy [79] .
In conclusion, the effects of S1PR2 on tumor growth and progression are cell-type specific. Possibly, the specific G protein coupled to that receptor may dictate its biological functions. Therefore, inhibition or stimulation of S1PR2 can prove to be beneficial or harmful, depending on the tumor being studied. Contrasting data presented previously suggest that several questions remain unanswered. One such question is whether JTE013 in patients with leukemia will predispose them to develop secondary types of cancer such as Wilms tumor or lymphomas.
S1PR2 agonist and antagonist
JTE013 is the most used S1PR2 antagonist. It was synthesized at the Central Pharmaceutical Institute in Japan during 2001 [80] . It is a pyrazolopyridine derivative, that was shown to antagonize the binding of radiolabeled S1P in Chinese hamster ovary cells overexpressing S1PR2 [81] . The specificity of JTE013 to S1PR2 is debatable. This compound did not inhibit S1P-induced calcium mobilization in HCT4 cells overexpressing S1PR2, but also in those overexpressing S1PR4 [82] . Its action on S1PR4 have also been eluded in MDA-MB-453 cells. These cells express endogenous S1PR2 and S1PR4. JTE-013 inhibited S1P-induced ERK phosphorylation in these cells, whereas the use of S1PR2 siRNA did not [82] . Furthermore, JTE013 was still effective in abolishing S1P-induced vasoconstriction in S1PR2 knockout mice [81] . Therefore, the use of JTE013 as the only method to prove S1PR2mediated events is not sufficient, and could explain the discrepancies in the literature regarding this receptor.
However, SID46371153 is the first novel reported S1PR2 agonist [83] . It was discovered after a high throughput screening of thousands of compounds in 2007. Its specificity for S1PR2 was demonstrated using Chinese hamster ovary cells overexpressing S1PR2 and the cAMP response element-beta lactamase (CRE-BLA) reporter construct [83] . It has an EC 50 of 0.72 lM [83] . This compound has only been used once so far in-vivo studies assessing ischemic-reperfusion injury in kidneys as mentioned above [71] .
Conclusions S1PR2 has diverse functions and has been implicated in many organ-system pathologies. However, a simple single conclusion cannot be drawn about the receptor with respect to any organ or system. The literature contains conflicting data that diverge to the degree that we cannot generalize much about the receptor and its effects. Unique data reported in the literature can arise from the use of different cell lines, even if the cells are from the same organ system. Also, S1PR2 in each cell line may be coupled to a different G protein, and therefore a different signaling pathway. Also, the use of S1P receptor inhibitors for studies may have various specificities, with multiple non-specific functions. Thus, investigations should be consistent with respect to cells used for studies. For example, they should probably be derived from S1PR2À/À mice. In addition, S1P receptors have redundant functions as evidenced by studies in knockout mice. Thus data should be assessed carefully when results suggest that receptor inhibition studies reveal no discernible effects. Future studies are needed to clarify downstream effects of S1PR2.
